Demand for all-natural vanilla flavor is increasing, but its botanical source, Vanilla planifolia, faces critical challenges arising from a narrow germplasm base and supply limitations. Genomics tools are the key to overcoming these limitations by enabling advanced genetics and plant breeding for new cultivars with improved yield and quality. the objective of this work was to establish the genomic resources needed to facilitate analysis of diversity among Vanilla accessions and to provide a resource to analyze other Vanilla collections. A V. planifolia draft genome was assembled and used to identify 521,732 single nucleotide polymorphism (SNP) markers using Genotyping-By-Sequencing (GBS). The draft genome had a size of 2.20 Gb representing 97% of the estimated genome size. A filtered set of 5,082 SNPs was used to genotype a living collection of 112 Vanilla accessions from 23 species including native Florida species. principal component analysis of the genetic distances, population structure, and the maternally inherited rbcL gene identified putative hybrids, misidentified accessions, significant diversity within V. planifolia, and evidence for 12 clusters that separate accessions by species. These results validate the efficiency of genomics-based tools to characterize and identify genetic diversity in Vanilla and provide a significant tool for genomics-assisted plant breeding.
SOAPdenovo2 and Minia were used to assemble the sequencing data. For all of the assemblies, the SOAPdenovo2 assembly with a Kmer of 95 (VaplaK095A02) was preferred based on its assembly stats (see Methods for more details), and was selected for GBS read alignment. Gaps were filled in VaplaK095A02 to produce assembly Vapla0.1.1, and then contaminants and scaffolds less than 200 bp were filtered producing the final assembly Vapla0.1.4. Vapla0.1.4 is a highly fragmented assembly with a total size of 1.96 Gb (contigs) and 2.20 Gb (scaffolds) in agreement with published flow cytometry genome size estimations. Statistical results are summarized in Table 2 .
Two approaches were used to evaluate the completeness of the Vapla0.1.4 assembly gene space including (1) read mapping of three RNA-seq datasets from the National Center for Biotechnology Information (differentiated flower bud SRR1171644, placental laminae in mature pods of 6 months old Vanilla SRR1509374 44 , and leaf SRR1509356 44 ), and (2) BUSCO 45 analysis ( Table 2 ). The high percentage of the reads of the different RNA-seq datasets that map to the Vapla0.1.4 reference indicates that the assembly draft may be capturing a high percentage of the gene space (>95%). SNP analysis. The Table S1 ). 5,082 SNPs remained for downstream analyses after filtering for maximum missing rate (<30%), minor allele frequency (>10%), minimum read depth (>10), maximum read depth (<1000), maximum heterozygosity rate (<20%), and linkage disequilibrium (<0.2). The SNP analysis results are shown in Supplementary Fig. S1 . Table 1 . Heterozygosity as calculated by vcftools-het and ranged from 0.0274 for V. phalaenopsis AC111 to 0.0823 for AC157 from a private collection that is most likely a hybrid between V. phaeantha and V. pompona. Some species had an overall higher average rate of heterozygosity including V. dilloniana, V. imperialis, and V. pompona. Conversely, low average heterozygosity was calculated for V. planifolia, V. odorata, and V. x tahitensis. The native species ranged from lowest to highest heterozygosity for
Heterozygosity. The SNP analysis included calculations of heterozygosity for each accession as shown in
GBs-based diversity analysis. Genetic diversity within the collection was assessed using the 5,082 filtered GBS SNPs. A plot of the first two principal components indicated that enough variation was captured within PCA1 (25.55%) and PCA2 (18.37%) to visually differentiate species ( Fig. 1 ). Our PCA analysis grouped the accessions within distinct clusters representing the species V. pompona, V. planifolia, V. imperialis, V. odorata, V. palmarum, V. barbellata, V. dilloniana, V. phaeantha, and V. mexicana. Other species with only a few representatives clustered with V. odorata, V. barbellata, in a miscellaneous cluster, or were entirely separated as for the V. appendiculata (AC123) accession indicating that some accessions within this collection are genetically distinct. Exceptions to these trends were identified as probable hybrids as described below. Two probable V. x tahitensis accessions were located on the PCA plot between V. planifolia and V. odorata.
Clustering and STRUCTURE analysis using filtered SNPs. Clustering, phylogenetic, and STRUCTURE analyses 46 of the filtered SNPs revealed distinct relationships among accessions ( Fig. 2 ). Discriminant analysis of principal components DAPC using the top 40 principal components yielded evidence for 12 clusters (BIC Groups, Table 1 . List of Vanilla accessions included in this study. Each accession was given a unique identifier from AC101 to AC219 (accession AC163 was dropped due to poor library QC results). Shown are the species assignments based on rbcL sequencing (as available) and GBS data, source of the material, calculated heterozygosity based on GBS, clustering group assignment (BIC Group), and notes. Notes are coded as follows:
(1) previously misclassified accession, (2) probable hybrid based on GBS results, (3) accessions with rbcL sequence data provided in this study, (4) duplicate samples (with duplicate sample ID shown in parentheses), and (5) previously unknown species assignment. Predicted parents of hybrids are shown in place of a species assignment with maternal parent shown first when known. Table 1 , Supplementary Fig. S2 ). V. planifolia accessions had lower bootstrap support than other species and were all in cluster 5. A few accessions had higher bootstrap support for separation from the majority of V. planifolia and included AC195, AC113 (variegated accession), AC133, and AC185. V. x tahitensis accessions AC205 and AC206 are also part of the V. planifolia cluster as would be expected, while all V. odorata (five accessions) are in cluster 1. Species identification using rbcL sequencing. Single gene sequencing of Vanilla species is useful for identifying accessions at the species level 47 , because these sequences can be compared to publicly available data at bioinformatics repositories including the National Center for Biotechnology Information (ncbi.nlm.nih.gov). Single gene sequencing is also useful in the identification of maternal parents of potential hybrids, because many of the single gene sequences for genotyping Vanilla are from plastid-derived targets. Fifty-seven accessions were selected for single gene sequencing of the rbcL locus ( Fig. 3 ). The results from this analysis are in close agreement with previously published sequences except for V. barbellata AF074240 where the reference sequence is more similar to V. dilloniana accessions than the V. barbellata accessions in this study. No rbcL reference sequences were available for V. phaeantha, V. appendiculata, or V. poitaei and were therefore not included in this analysis. GBS and rbcL sequencing results indicate that native V. mexicana is distinct from all other accessions. www.nature.com/scientificreports www.nature.com/scientificreports/ Diversity within V. planifolia. V. planifolia is the major commercial species for the genus, and thus diversity within this species is especially valuable for future plant breeding research. SNPs specifically selected for V. planifolia analysis would be expected to vary from the 5,082 SNPs selected to analyze diversity among many species based on the various filtering criteria imposed. Diversity within V. planifolia was therefore analyzed separately from the other species. The results are shown for 27 accessions in Fig. 4 . There were 565 SNPs identified and used for this analysis. V. planifolia accessions AC181 and AC185 are more distantly related than the other V. planifolia accessions and were excluded to improve the resolution of the remaining accessions in Fig. 4 www.nature.com/scientificreports www.nature.com/scientificreports/ from this accession ( Supplementary Fig. S3 ). The hybrid nature of this accession is confirmed as shown in the STRUCTURE analysis including roughly three quarters V. planifolia alleles and one quarter V. pompona alleles.
Other potential hybrids were also identified by interpreting the combined results from the clustering and STRUCTURE analyses. These included accessions AC132 and AC157 that were received as V. odorata and V. pompona, respectively, but both contain markers for V. pompona and V. phaeantha. The maternal parent of AC132 was confirmed to be V. pompona by rbcL sequencing in agreement with the GBS results. AC189 is a duplicate sample of AC132 and the GBS results are consistent between the two samples. Both of the preceding accessions were from a single source, and could actually be cuttings from one original sample. The GBS results for AC147 provide support that this accession is a hybrid between V. phaeantha and V. pompona, but in contrast to AC132 and AC157, the maternal parent of AC147 was V. phaeantha as confirmed by rbcL sequencing. AC147 is unique as a probable hybrid because it was collected in southern Florida on protected land. Accessions AC132 and AC157 are separated on the PCA plot, and are unlikely to be from the same original clone.
AC109, AC170, and AC194 are all probable hybrids between V. planifolia and V. phaeantha. Each has V. planifolia as the maternal parent as confirmed by rbcL sequencing, are similarly located on the PCA plot, and have higher average heterozygosity (0.051) than V. planifolia (0.036). Each of these three accessions came from a different source (one private collector and two different botanical gardens). V. pompona was shown as the maternal parent of putative hybrids AC142 (sourced from a botanical garden), AC158 and AC165 (private collection), www.nature.com/scientificreports www.nature.com/scientificreports/ and AC175 (a separate private collection) yet all showed hybrid characteristics from the STRUCTURE analysis potentially with V. odorata in their ancestry. AC175 was part of cluster 3 while AC142, AC158, and AC165 formed cluster 8 with V. ensifolia and V. hartii. All potential hybrids are noted in Table 1 .
Misclassified accessions. There were 15 obviously misclassified accessions in this study, but only species with multiple accessions could be used to create consensus species assignments based on GBS and single gene sequencing. AC140 and AC152 were received as V. dilloniana, but are actually V. barbellata. AC181, AC133, and AC178 were received as V. imperialis, V. mexicana, and V. pompona, respectively, and are V. planifolia. AC132, AC110, AC142, and AC175 were received as V. odorata, V. planifolia, V. planifolia, and V. planifolia, respectively, and are V. pompona. AC134 was received as V. phaeantha and is V. dilloniana. AC124 and AC129 were received from two different botanical gardens as V. x tahitensis and are actually both V. phaeantha. AC106, AC108, and AC175 were also received as V. x tahitensis, but in the absence of V. odorata alleles were reclassified as V. planifolia according to their genotypes.
Other accessions may be misclassified, but lack sufficient supporting information to confidently reassign a species designation. For example, AC123 that was received as V. appendiculata, but single gene sequencing and GBS results both closely match V. imperialis. This could be biologically relevant, or an incorrect species assignment. Overall, the misclassified accessions were not limited to a single germplasm source, but were received from multiple botanical gardens, online vendors, and private collections.
Species-specific SNPs. Species-specific, diagnostic molecular markers would be advantageous for quickly identifying species in new collections, and also for confirming hybrid progeny when breeding. The greatest limitations to validating species-specific SNPs include sampling enough diversity within a species and across relevant species to obtain high confidence for marker specificity. Towards developing species-specific SNPs, the 521,732 SNPs from this study were screened for those that could be species-specific. The results are reported in www.nature.com/scientificreports www.nature.com/scientificreports/ Supplementary Data S1. V. planifolia had 1,611 species-specific SNPs, and V. pompona had 3,230. The other species had values ranging from 227 for V. aphylla to 6,187 identified for V. palmarum.
Discussion
The primary objective of this study was to examine the utility of genomics-based diversity analysis to characterize a living Vanilla collection. The collection included 112 accessions from 23 species obtained from botanical gardens, private collections, online vendors, and collected from natural areas in southern Florida as part of conservation research. We developed a draft Vanilla genome as a reference for GBS analysis of the living collection. GBS yielded 5,082 filtered SNPs resulting in the largest genomics dataset for Vanilla to date, and the first application of genomics-based diversity analysis in this genus. The increased resolution among accessions due to increased marker numbers and reduced cost per data point accelerated the discovery of potential hybrids, identified misclassified accessions, and demonstrated the suitability of these methods to analyze diversity across and within Vanilla species.
A draft Vanilla genome for diversity analysis. We created a draft V. planifolia draft genome assembly to facilitate read mapping and SNP calling. The assembly proved its utility for the development of genetic markers and the study of the population structure in a biodiversity panel in spite of being highly fragmented. The V. planifolia genome size was previously reported as 2.26 +/− 0.05 Gb using flow cytometry 48 , being twice the genome size that was estimated by Kmer distributions. This could indicate that either previous flow cytometry values overestimated genome size, or that V. planifolia is an autopolyploid (2n = 4x = 24) with a haploid genome size of ~2.26 Gb. Using flow cytometry to estimate the genome size of orchid species is especially challenging due to endoreduplication 48 .
Leveraging the draft genome simplified SNP calling, but also presented a few limitations. For example, the number of mapped reads is expected to decrease as diversity increases possibly leading to the exclusion of SNPs that could be relevant to studies with other Vanilla species. Still, having obtained over 5,000 filtered SNPs for diversity analysis across the 23 species was more than sufficient to meet the study objectives. In the future, the results from the draft genome could be further developed to generate a V. planifolia reference genome that would capture a greater proportion of the genic space, and would enable gene discovery.
Diversity analysis. The level of similarity among V. planifolia accessions, even those collected from disparate sources, is not surprising considering the general consensus that genetic diversity in V. planifolia is limited. This is probably due to the ease of propagation by cuttings and the worldwide distribution of a few foundational clones. Still, evidence of diversity among V. planifolia accessions was found in this study and includes a few accessions with only limited source information. All results from rbcL sequencing matched expectations from the published literature except for misclassified accessions 29 . Some V. planifolia accessions were genetically distinct. For example, AC133 was originally labeled as V. mexicana, but was confirmed to be V. planifolia by rbcL sequencing and was distinguished from the majority of the V. planifolia accessions based on the GBS results. AC185 was obtained from a commercial grower and described as a plant with unique morphology. The GBS results support the hypothesis that this accession is genetically distinct compared to other V. planifolia accessions including other types from the same source (AC184 and AC186). These results suggest that expanded sampling using genomics-based analysis methods could uncover hidden diversity even within V. planifolia. Uncovering genomics-based diversity could be a particularly useful tool when selecting parents for a Vanilla breeding program.
V. x tahitensis is a commercial species that can be sold with the "vanilla bean" label in the US and European markets. While V. planifolia commands much more market share, V. x tahitensis has a unique flavor profile and interesting agronomic characteristics including non-dehiscence 49, 50 . It is therefore an important species within the genus and warrants additional genomics-based research. Previous work has shown a close genetic relationship between the V. planifolia and V. x tahitensis 4, 16, 18, 33 , but definitive data (especially at the genomics level) supporting the origins of V. x tahitensis is still lacking. V. x tahitensis is not easily differentiated from V. planifolia using single gene sequencing as the two are closely related, but use of genomics-based molecular markers should be able to efficiently identify alleles from both V. planifolia and V. odorata in V. x tahitensis.
The V. planifolia and V. odorata hybrid origin hypothesis of V.
x tahitensis could easily be tested using a genomics-based approach 33 . Accessions AC205 and AC206 are probably true V. x tahitensis clones based on PCS, STRUCTURE, and the current hybrid origin theory. The STRUCTURE results for these accessions show a high level of V. planifolia ancestry and only a low level of V. odorata ancestry. Both of these accessions were donated from a private collection as unknown species. The accessions were artificially propagated from material most likely collected in Belize where V. x tahitensis could be endemic 51 . Further genomics research is needed to characterize additional V. x tahitensis accessions in order to identify its origins and unlock the traits that make this hybrid unique from agronomic and sensory perspectives.
Native Vanilla species. The four native Florida Vanilla species V. phaeantha, V. barbellata, V. dilloniana, and V. mexicana are all endangered. Conservation of these native species including collection, propagation, and reintroduction can be aided by diversity analysis. The native V. phaeantha species formed its own branch when clustering using the GBS data. This suggests some level of genetic diversity compared to V. phaeantha from other geographies. The identification of a potential hybrid between V. phaeantha and V. pompona (AC147) in a natural setting was unexpected. There are no known established populations of V. pompona in southern Florida, but V. pompona is common in private collections. The origin of this hybrid could exemplify the ease with which Vanilla species hybridize and establish in natural areas. This would suggest that hybrids like V. x tahitensis and AC147 could be more common than currently presumed. www.nature.com/scientificreports www.nature.com/scientificreports/ V. barbellata and V. dilloniana are difficult to identify morphologically due to their shared leafless morphology and overlapping growing regions. GBS-based species identification could be a powerful tool for distinguishing these species as shown in this study. In contrast, V. mexicana appears to be morphologically distinct among Vanilla species, and also by single gene and GBS analysis. Future conservation work for each of these species should focus on identifying and maintaining as much diversity as can be captured prior to habitat destruction. The results from this study show the potential of GBS to support conservation efforts for these species.
Analysis of hybrids and misidentified accessions. We identified 21 potential hybrids out of 112 total accessions (18.8%). The actual occurrence of hybrid accessions is probably underestimated in other collections, because the majority of common molecular markers used in Vanilla are from plastid-derived genes. This common strategy would only identify the maternal parent of a potential hybrid. The value of the GBS approach to characterize diversity in a Vanilla collection has also been shown to putatively identify the paternal parent of hybrid accessions more efficiently and cost effectively than other methods.
Approximately 13% of accessions in this study were confirmed to be misidentified based on consensus, and this is probably an underestimate. The consensus approach can identify the species of unknown accessions as long as verified species are included in the database. Some species in the collection are represented by one or a few accessions, thereby reducing confidence in assigning and re-assigning species identities. Missing data can also cause artifacts in the clustering analysis. Therefore, the results for accessions with limited sample numbers should be cautiously interpreted. The genomics-based characterization of Vanilla collections, including those at botanical gardens, would greatly benefit the Vanilla community, especially when sharing germplasm.
Future work. Species-specific molecular markers would be useful for identifying unknown Vanilla accessions, and for confirming parentage of interspecific hybrid progeny. Additionally, a fewer number of informative SNPs could be used to differentiate accessions at reduced cost. Unknown and misclassified accessions are common in Vanilla, because species can look very similar and morphological traits (including leaf shape) can vary during development and across environments. Flower morphology often supports a species designation, but flowering can be an infrequent and unreliable event. One limitation of our approach for identifying diagnostic markers relies on the use of the V. planifolia draft genome for read mapping and SNP calling. While this approach has several advantages, it is expected that diverse species will have fewer mapped reads and therefore fewer SNPs called. This could favor SNP calls across conserved loci and result in the identification of fewer species-specific markers for distantly related accessions. Ultimately, species-specific SNPs like those included in Supplementary Data S1 will have to be identified and validated based on specific research objectives.
In conclusion, the development of a draft V. planifolia genome and genotyping a living collection of Vanilla species enabled diversity analysis, hybrid identification, and the designation of species assignments. The benefits of using GBS SNP data compared to other molecular markers include transferability between labs, ease of marker development, reduced genotyping costs, and increased reproducibility. Results from this work can easily be expanded to other Vanilla collections. Anticipated benefits would support breeding programs and the creation of improved Vanilla cultivars needed to meet cyclical supply challenges and prepare Vanilla to enter a modern era of cultivar development.
Methods
Vanilla plant accessions. Vanilla cuttings were obtained from domestic botanical gardens, local orchid enthusiasts, online vendors, and international collaborators to establish a living collection at the University of Florida's Tropical Research and Education Center in Homestead, Florida. The collection comprises 112 accessions from 23 species, and also included accessions with unknown species designations. The list of Vanilla accessions used in this study is summarized in Table 1 .
Native Florida Vanilla species were collected from southern Florida county and state parks under research permits working with park biologists following state regulations. V. barbellata and V. phaeantha were propagated by cuttings. V. mexicana leaves were sampled directly from different individuals in the natural setting, because this species is difficult to propagate by cuttings. V. dilloniana is extremely rare if not extinct in natural areas, and was therefore obtained through online vendors and local orchid enthusiasts. Collection sites cannot be disclosed due to permitting restrictions instituted to protect endangered species. DNA extraction. DNA extraction was performed using a modified CTAB method. 1 gram (fresh weight) of mature leaf tissue was ground to a fine power in liquid nitrogen, mixed with 3 ml of DNA extraction buffer (2% CTAB, 1.4 M NaCl, 100 mM Tris, 2 mM EDTA, 1% β-mercaptoethanol, pH 8.0) in a 15 ml conical tube, vortexed to completely disperse the tissue, and then incubated at 65 °C for 10 minutes. Samples were then cooled to room temperature for 3-5 minutes and 3 ml chloroform:isoamyl alcohol (24:1 v/v) was added to each sample, vortexed, and centrifuged for 10 minutes at 18,000 × g. The supernatant was transferred to a fresh tube to precipitate DNA using two volumes of 95% ethanol. Samples were centrifuged at 10,000 × g for 10 minutes to pellet DNA, www.nature.com/scientificreports www.nature.com/scientificreports/ aspirated, washed once with one ml of 70% ethanol, centrifuged at 10,000 × g for 2 minutes, aspirated, and finally resuspended in 75 µl molecular biology grade water.
A draft V. planifolia genome. A draft V. planifolia genome was created to facilitate read mapping and SNP calling. V. planifolia accession AC173 was selected for sequencing, and is a clone of the same accession used for a previously published transcriptome 44 . DNA was extracted as above, and submitted to the Duke GCB Sequencing Core for library preparation, and sequenced on two lanes of an Illumina HiSeq 4000 (paired-end 150 bp). Libraries with four insert sizes including mate-pairs (300 bp, 5-7 kb, 8-10 kb, and 10-12 kb) were used to create the draft genome. Adapters, low quality extremes (qscore < 30) and reads shorter than 50 bp were removed using Fastq-mcf from the Ea-utils package version 1.1.2-537 53 . PCR duplications were filtered using Prinseq version 0.20.4 54 . Reads were corrected using Musket version 1.1 55 . Genome size and heterozygosity were estimated analyzing the Kmer distribution 56 using Jellyfish version 2.2.6 57 and GenomeScope (web accessed on 2018-02-07) 58 for the Kmers 31, 55, and 77. The reads were assembled using two different assemblers: Minia version 3, git commit efef7c7 59 , and SOAPdenovo2 version r240 60 . The assemblers were run with the following list of different kmers: 17, 21, 25, 31, 39, 47, 51, 53, 55, 57, 59, 61, 63, 71, 79, 87, 95, 103 , 119 and 123. The assemblies were evaluated based on minimum difference between assembly size and genome estimated size, longest contig sequence, N90/L90, and N50/L50. The assembly with the highest rank across these parameters was selected for scaffolding and gap filling with the SOAPdenovo2 package version r240 60 .
The evaluation of the completeness of the assembly was performed using two approaches. First, three different RNA-seq datasets were downloaded from the NCBI SRA database including (1) SRR1171644: differentiated flower bud, (2) SRR1509374: placental laminae in six weeks initial pods, and (3) SRR1509356: leaves. Reads were processed with Fastq-mcf as described previously. Reads were mapped to the assembly version VaplaK095A02 using Hisat2 version 2.1.0 61 sequencing the Vanilla collection. Library preparation and sequencing for Genotyping-By-Sequencing (GBS) was performed at the University of Minnesota Genomics Center on a NextSeq 1 × 150 bp using 300-744 bp size selection with dual restriction enzymes BamHI and NsiI. A pilot study using eight Vanilla accessions found that 1 M reads per sample was sufficient to obtain an informative number of SNPs (data not shown). Therefore, 1 M reads per sample was selected for the 118 samples in this study including 112 accessions and 6 duplicates as sequencing controls. SNP calling. The Tassel 3 GBS pipeline 62 was used to call SNPs from the sequenced GBS library using a reference draft V. planifolia genome. Quality filtering was performed primarily using build-in functions in VCFtools 63 . The minor allele frequency filter was set to 0.1 and minimum locus coverage was set to retain SNPs that are covered in at least 70% of the individuals. The minimum read depth and maximum read depth were set to 10 and 1000, respectively. The heterozygosity rate was set to 0.2 to eliminate SNPs with high amount of heterozygous calls resulting from alignment of paralogs and duplicate sequences. The SNPs only existing in one species were identified as species-specific SNPs from the total 521,732 SNPs. phylogenetic analysis. The filtered VCF files were converted to Phylip format by concatenating the SNPs with PGDSpider v.2.0.9.0 64 with IUPAC ambiguity codes for polymorphic data. The maximum likelihood (ML) phylogenetic tree with 1000 rapid bootstrap inference was constructed by using RAxML v.8.2.12 65 . The analysis was run using an ascertainment bias correction (ASC) for the data set containing only concatenated informative SNP positions, and a general time-reversible substitution model accounting for among-site rate heterogeneity (ASC_GTRGAMMA model). The RAxML results were graphically visualized in FigTree v.1.4.3 (downloaded from http://tree.bio.ed.ac.uk/software/figtree/). population stRUCtURe. The population structure was investigated to identify clusters of genetically related individuals using the Bayesian clustering method implemented in STRUCTURE, v.2.3.4 46 . Ten independent STRUCTURE runs were performed for each of K = 2-16 (K = number of genetic clusters) with a burn-in of 10000 and 20000 iterations. The number of clusters that best fit the observed genotype data was inferred by examining the average and standard deviation (SD) of the natural log probability of each model 66 using the online version of STRUCTURE HARVESTER 67 . Additionally, the R package SNPRelate 68 was used to perform principal component analysis (PCA) and the R package adegenet 69 was used to perform discriminant analysis of principal components (DAPC). Loci were trimmed to linkage disequilibrium (LD < 0.2) using the command "snpgdsLDpruning". DAPC was performed on all individual genotypes by using the successive K-means approach, implemented by the find.clusters function, to identify the optimal number of groups based on Bayesian Information Criterion (BIC).
To investigate the diversity of V. planifolia further, the V. planifolia only PCA was performed on 27 accessions where three diverse V. planifolia lines (AC108, AC181, and AC185) identified from structure analysis were excluded. Pairwise Fst were calculated with the Weir and Cockerham formula 70 with the SNPRelate package 68 . rbcL sequencing. Partial sequencing of the rbcL gene 26 was preferentially used to confirm species identifications of selected accessions and to identify the maternal parent of probable hybrids. Primers rbcL forward 5′ CTTCACAAGCAGCAGCTAGTTC 3′ and rbcL reverse 5′ ATGTCACCACAAACAGAAAC 3′ were used to amplify an ~1,300 bp fragment of the rbcL gene in 25 µl reactions using Phusion High-Fidelity polymerase (F531, Thermo Scientific) according to the manufacturer's instructions. PCR amplification was conducted using an Applied Biosystems SimpliAmp Thermal Cycler with the following program: initial denaturation 5 minutes at 95 °C followed by 30 amplification cycles of 30 seconds at 95 °C, 30 seconds at 55 °C, and 60 seconds at 72 °C, with a final 10 minute extension at 72 °C. Sanger Sequencing was conducted at GENEWIZ (GENEWIZ, South Plainfield, NJ) using rbcL forward as the sequencing primer. Sequences were verified against published Vanilla rbcL sequences from NCBI (ncbi.nlm.nih.gov) using the default settings for MUSCLE alignment 71 and Geneious Tree Builder within the Geneious Software package (Geneious version 11.1, Newark, NJ). Selected NCBI sequences included V. mexicana (AY381136), V. dilloniana (FN545536), V. barbellata (AF074240), V. imperialis (AF074241), V. palmarum (FN545542), V. leprieurii (FN545546), V. ensifolia (FN545557), V. x tahitensis (FN545553), V. planifolia (FN545561), V. pompona (FN545555), and V. odorata (FN545540).
Accession AC130 was suspected of being a V. planifolia x V. pompona hybrid based on the prevalence of this genotype where it was sourced in Costa Rica 37 . Its hybrid status was confirmed by PCR amplification (as above), cloning (TOPO TA Cloning Kit, Thermo Fisher), and sequencing (as above) the ITS partial locus using forward primer 5′ TATGCTTAAAYTCAGCGGGT 3′ and reverse 5′ AACAAGGTTTCCGTAGGTGA 3′ with T7 as the sequencing primer 34, 37 .
Data Availability
rbcL and ITS sequences for the accessions in this study are deposited at NCBI under the Genbank IDs listed in Supplementary Table S3 . The Whole Genome Shotgun project including raw reads and the draft genome have been deposited at DDBJ/ENA/GenBank under BioProject PRJNA507095. The genome version described in this paper is SDXO01000000. The GBS datasets are deposited at NCBI under BioProject PRJNA507246.
